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INVERSE FOURIER TRANSFORM METHOD,
PHASE CHARACTERIZATION METHOD OF
OPTICAL COMPONENTS FROM
TRANSMISSION AND GROUP DELAY
MEASUREMENTS AS WELL AS A SYSTEM
FOR PERFORMING THE METHOD

FIELD OF THE INVENTION

TJ 1
- P
A4 _7F

The invention 1s based on a priority application
02360140.4, which 1s hereby incorporated by reference.

The inventions relates to development, analysis and
improvement of optical components.

In more particular, the mmvention relates to an Method for
analysis optical components, 1n particular passive optical
components, based on a mverse Fourier transform or an
Z-transform and a computer program for executing the
method.

BACKGROUND OF THE INVENTION

The performance of passive optical components depends
on the propagation of the light through a more of less
complex set of optical paths of the device. A measurement
technique able to provide the characterising parameters, for
example phase and amplitude of the propagation of the light
through the device 1s a very powerful tool for the analysis,
development and improvement of passive optical compo-
nents.

Arrayed waveguide gratings (AWGQG) are key components
for high-speed large-capacity dense wavelength division
multiplexing (DWDM) photonic networks. They are good
candidates for dense channel de/multiplexers and building
blocks of devices with other functionalism e.g.: dispersion
compensators, optical add and drop multiplexers, gain equa-
lisers, etc. Due to the increasing of the transmission rate per
channel, the specification regarding the slope of the group
delay (GD) and the differential group delay (DGD) are
becoming narrower, so that new high precision characteri-
sation methods and equipment are required. From other side,
the amplitude and phase distributions of the light propagat-
ing through each k™ arrayed path, (o, ¢,), is a very useful
information to investigate and improve the fabrication pro-
cess of the AWGs.

A solution based on Fourier Spectroscopy Technique,
namely the so called Optical Low Coherence (OLC)
method, 1s known from IEEE Journal of Lightwave Tech-
nology, 1996, 14, pp. 1677-1689; TAKADA, K. YAMADA
H., INOUE, Y. “Optical Low Coherence Method for Char-
acterizing Silicia-Based Arrayed-Waveguide Grating Multi-
plexers”. The OLC method 1s in particular useful to char-
acterise and 1mprove AWG’s, because 1t provides the
amplitude and phase distributions (v,, ¢,) of the light
propagating through each arrayed waveguide of the array, k.
By applying the Fourier Transform Spectroscopy (FTS),
using a low coherence mterferometer, an interferogram with
a series ol 1solated fringes i1s provided, from which the
amplitude and phase (.., ¢,) of each arrayed-wave guide can

be dertved using the OLC method.

However, the solution 1s from basic principles and has a
limited application, because 1t 1s not possible to analyze
optical devices with a small or large optical path diflerences.
The applicability of the OLC method 1s limited on the one
hand by the coherence length of the available light sources,
because 1t must be shorter than the delay increment (AL) of
the AWG. In other words: In order to get the 1solated fringes,
it 1s necessary to apply a broadband light source with a
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coherence length shorter than the AL of the AWG. Thus, the
applicability of this method to AWG designs with narrow AL
1s therefore limited by the bandwidth of the available light
sources. On the other hand, it 1s limited by the maximum
retardation of the interferometer, which 1s required to be
more that half the maximum optical path difference among
the arrayed waveguides. This 1s impossible for infinite
impulse response filters.

SUMMARY OF THE INVENTION

It 1s therefore an object of the present invention to provide
a method for determining physical characteristics of an
optical component that overcomes the aforementioned 11mi-
tation.

Another object of the present mvention 1s to provide a
computer program and a device for performing the method.

These objects are achuieved by a method according to
claam 1, a computer program according to claim 9 and a
device according to claim 10.

The invention provides a non-limited and very accurate
method to measure and to analyse the propagation of the
light through the optical device, which 1s a very important
information to develop, analysis and improve passive optical
components, for example filters, like FIR-filter, IIR-filter,
discrete-time-delay optical filters eftc.

The method 1s based 1n general on the Z-transform and 1n
particular on the Direct and Inverse Fourier Transform and
it can be implemented on any type of measurement of the
complex transmission spectrum, e.g. Fourier Spectroscopy
measurement techniques or a direct measurements of the
transmission performance of the device.

The 1nvention comprises 1n particular a new method to

—

obtain the amplitude and phase distributions of AWG’s. This
method overcomes the limitations of previous phase char-
acterisation methods and 1t can be generalised to analyse
other discrete-time-delay optical filters for example FIR
filter, IIR filter, ring resonator etc.

Following, a short description of the invention 1s given for
two application examples, an AWG and a Ring Resonator.

First, with respect to an AWG a basic formula for the
algorithm 1s an Inverse Fourier Transform implementation

(AWG 1)

1 +7
C, = ?fv H(a)-exp(—i2n-a-k-np-ALy)-da

and for the Ring Resonator application or other optical
digital filters 1t 1s a Z-transform implementation:

+7 (RR 1)
hp:(T)fv H(a)-exp(j2r-a-p-nyg-L/2)-da

which leads to an analogue expression of (AWG 1) where
the factor n_g*AL or n,;*(L/2) represents a so called basic
cllective index step increment of the discrete-time-delay
optical filter. It should be noted that the expression (RR1)
represents also an Inverse Fourier Transform using the
alternative definition of the Fourier Transformation. Due to
that we have in (RR 1) T instead of 1/T and 127 instead of
-127t.

Second, the derivation of the basic formula for a AWG 1s
exemplary described. The transmission through an AWG
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consisting of two star couplers of radi1 R, and R, and
propagation constants 3 _, (o) and 3 _,(0) joined by a set of M
waveguides with lengths L(k) and propagation constant
3 (o), from a port at angle 0, 1n start coupler 1 to a port at
angle 0, 1n start coupler 2 can be described by:

M (1)
H(o, 01, 00) = > [aitk, 01)- ax(k, 62)-
k=1

exp(8[ Be(0)L(k) — Bsi (IR @1 (k)81 — Be2 () Ro a2 (k)0 ])|

where o 1s the wavenumber o=1/A, a,(k,0,) and a,(k,0,) are
the coupling coetlicients between the fields produced at the
end of the port at O, and of the end of the arrayed waveguide
k. The a (k) are the corresponding angles.

In order to characterize the AWG transmission for fixed
input and output ports, Eq (1) can be simplified to:

M (2)
H(o) = ) [Ci-expli Belo)L(K))]
k=1

1f we substitute:

Ci=a (5,0 ) 0u(k,05)exp(i/—P 1 (O)R 10, (k)0 P> (O)
Ry0,5(k)65]) (3)

The module of the complex coeflicients C, and their phase
are usually described as the amplitude values IC,l=a, and

phase factors Argument(C,)=¢,, of the light passing through
the k™ path.

Any deviations from the designed parameters will turn out
to a degradation of the transmission performance of the
AWG. Index and core dimension inhomogeneities of the
planar and channel waveguides will increase the crosstalk
values. Even though the deviation from the designed param-
cter takes place 1 the array of waveguides or in the star
couplers, they can be regarded as deviations from the 1deal
values of the complex coeftlicients C,. Those deviations are
described as amplitude and phase errors.

In case of an 1deal AWG where the amplitude and phase
coellicients and the effective index do not depend on a and
the path-length difference between neighboring arrayed
waveguides 1s defined by AL,, the transmission of an AWG
can be seen as a complex periodic function H(o) defined by

a Fourier series with complex coethicients. C,. 1if k=1, . . .,
M and C,=0 for (k<1 and k>M):

N 4
H{o) = Z [Ck-EKp(ﬂ'izﬂ-g'.k.nfﬁ_ﬁLk)] (4)

f=—co

The period of the function 1s Kf/neﬁAL, which corre-
sponds to the free spectral range (FRS) of the AWG and A
1s the central wavelength of the spectral range. The period-
icity 1s obtained from the analysis of the complex transmis-
s1on function. The analysis can be performed with either the
real part or the imaginary part of the transmission function.
But also the complex function can be used.

Due to the fact the Eq. (4) 1s a Fourier series, it 1s then
possible to obtain the complex coellicients through an
inverse Fourier Transformation:
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()

1 +7
C, = ?J’v H(a)-exp(—i2n-a-k-npg-AL)-da
or

where T 1s the period of the H(o) function.

Therefore, once we have a measurement of the complex
transmission of an AWG over the free spectral range and we
know the optical step increment, 1t 1s possible to characterize
the AWG through 1ts amplitude and phase coeflicients.

The complex transmission of the AWG can be obtained
from different measurement techniques. It 1s possible to do
that from a direct measurement of the magnitude transmis-
s1ion and time delay or from Fourier Transform spectroscopy.
In one case we demonstrate the accuracy of the method with
the OLC (optical low coherence) method. In such a way 1t
1s possible to compare the results obtained from the same
measurement using the IFT (inverse Fourier Transform) and
OLC methods.

The invention provides a non-limited and very accurate
method to measure and to analyze the propagation of the
light through the optical device which 1s a very important
information to develop, analysis and improve passive optical
components. That 1s a very important tool and 1t leads to a
major breakthrough of the capabilities to develop Arrayed
Waveguide Gratings.

Further advantages and developments of the invention are
apparent from the description and the accompanying draw-
ngs.

It 1s to be understood that the aforementioned features and
the features explained below can be used not only 1n the
respective combinations described but also 1n other combi-
nations or alone without departing from the scope of the
present mvention.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will now
be described with reference to the accompanying drawings
in which

FIG. 1 shows a transmission spectrum of an AWG;

FIG. 2 shows a detail of the group delay around the central
transmission peak of FIG. 1;

FIG. 3 shows amplitude and phase distributions of the
AWG obtained from the IFT method according to the
imnvention;

FIG. 4 shows an experimental set-up used for Fourier
Transtorm Spectroscopy;

FIG. 5 shows a comparison of the amplitude distribution
obtained from the state of the art (OLC) and the method
according the mvention (IFT);

FIG. 6 shows a comparison of the phase distribution
obtained from the state of the art (OLC) and the method
according the invention (IFT);

FIG. 7a/b shows a further comparison of the phase and
amplitude distribution o a AWG;

FIG. 8 shows a detail of an interferogram of an AWG;

FIG. 9a/b show results from an AWG with a narrow
path-length difference;

FIG. 10 shows schematically the configuration and trans-
mission from a Double Coupler Ring Resonator (DCRR);

FIG. 11a/b show a calculated magnitude and phase trans-
mission spectrum of a Symmetric Double Coupler Ring
Resonator (SDCRR);

FIG. 12a/b show the calculated magnitude and phase of
the 1mpulse response of the SDCRR;
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FIG. 13a/b show the experimental magnitude and phase
of the transmission spectrum of the SDCRR,

FI1G. 14a/b show the magnitude and phase of the impulse
response obtained from the transmission measurement of

FIG. 13.

FIG. 15a/b to FI1G. 17a/b show the phase and amplitude
distribution for different approximate values of (n,AL) tor
the AWG, and

FI1G. 18a/b to FIG. 20a/b show the phase and amplitude

distribution for different approximate values of (n,,AL,) for
the RR.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

According to the mvention a method for characterising
optical components, 1n particular Arrayed-Waveguide Grat-
ings (AWG) and Double Coupler Ring Resonator (DCRR),
as well a computer program and a device for executing the
method 1s provided.

Following the Inverse Fourier Transform (IFT) method
according to the mvention 1s exemplary described for char-
acterising an Arrayed-Waveguide Gratings (AWGQG).

Arrayed-Waveguide Gratings (AWG):

The Inverse Fourier Transform method (IFT) has been

developed to measure the phase and amplitude distributions
of an AWG 1n advantageous manner. The IFT method
according to the invention 1s a first application of a wave-
length-domain measurement instead of to a Fourier Trans-
form Spectroscopy (F1S) based measurement. In such a
way, a single measurement of the complex transmission of
the AWG and 1ts IF'T analysis provides a full characterisation

of the AWG.

The method according to the invention enables a charac-
terisation of phase and amplitude errors 1n AWGs based on

Inverse Fourier Transformation (IFT). It overcomes the
limitations of previous Optical Low Coherence methods
(OLC), allowing the characterisation of AW Gs with any step
increment (AL). The method has been successtully used to
characterise an AWG with a AL of only 22 um. A comparison
between the results from IFT and OLC methods shows a

standard deviation of the phase errors of 2° for an AWG with
a AL of 51 um.

Measurement Principle:

The transmission of an AWG can be described as a
complex periodic tfunction H(o), defined by a Fourier series
with complex coellicients, C,, and the period of the function
1s the free spectral range (FSR) of the AWG. The module of
the complex coeflicients Ck and their argument correspond,
respectively, to the (o, ¢,) distributions and the value of the
C, parameters can be obtained by the application of the IFT
method to the complex transmission of the AWG along the
FSR. The next section describes the obtaining of the com-
plex amplitude transmission of the AWG from a measure-
ment of 1ts power transmission and group delay (GD). In
parallel, the known OLC method was used to obtain the
amplitude and phase distribution (¢, ¢,) and test the accu-
racy of the new method.

The transmission through an AWG consisting of two star
couplers of radi1 R, and R, and propagation constants p, (O)
and pP.,(0) jomned by a set of M waveguides with lengths
L{k) (k=1, ..., M) and propagation constant {3 (0), from a
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6

port at angle 0, 1n star coupler 1 to a port at angle 0, 1n star
coupler 2 can be described by:

H(0,01,0,)=2;__."1a,(k,0)ax(k05)exp(i /B (C)L{k)-
B, 10)R, 0, (5)0, P (O)R,0,(K)0,]) }

where 1=v-1, o=1/A 1s the wave number, a,(k,0,) and
a,(k,0,) are the coupling coeflicients between the fields
produced at the end of the port located at the angle O,
(n=1,2) and at the end of the arrayed waveguide k and o (k)
are the corresponding angles. The transmission of an ideal
AWG, where the described parameters do not depend on the
wavenumber, can be described as a complex periodic func-
tion H(o), defined by a Fourier series with complex coetli-
cients, C,.

It

C;=0 for (k<1 and k>M)

then

H(o)=2,_ " [C, exp(i2nok n_gAL)], Eq. (1).

And the period of the function 1s the free spectral range
(FSR) of the AWG. The complex coeflicients C, summarise
all the design characteristics,

Cr=a,1(k,0)a>(k,0,)exp(i [P (O)L(K)—k-AL)—p,(O)
R0, (k)0 - (0)R05(5)05]),

where AL 1s the mean value of the path lengths of the arrayed
waveguides. The module of the complex coethicients C, and
theirr argument correspond to the amplitude and phase dis-
tributions (ICkl—*r] w Arg(C,)=0,)=9,) of the light passing
through the k” path. The factor exp(1[ B (o) L(k)-k-AL)])
takes 1nto account a possible chirping of the path lengths and
describes them as an extra phase. Any deviation from the
designed parameters will produce a degradation of the
transmission performance of the AWG. For example, index
and core dimension 1nhomogeneities of the arrayed
waveguides will increase the crosstalk values. Those devia-
tions will be shown as discrepancies from the 1deal values of
the complex coelflicients C, and they are called amplitude
and phase errors.

Due to the fact that Eq. (1) 1s a Fournier series, 1t 1s possible
to obtain the complex coethlicients through an inverse Fourier
Transformation:

Ci=(UT)[ ;T H(aexp(—i2nak n,; AL)dc.

Eq. (2)

where T 1s the period of the H(o) function. Theretfore, based
on a measurement of the complex transmission of an AWG
along the FSR, 1t 1s possible to characterise the AWG
through 1ts amplitude and phase coeflicients. The complex
transmission of the AWG can be obtained from different
measurement techniques. It 1s possible to perform a direct
measurement of the transmittance and the time delay or to
apply FTS. In order to compare the results obtained from
IFT method according to the invention and OLC method of
the state of the art, a fiber-optic Mach-Ze¢hnder interferom-
cter, which 1s similar to the one reported for the OLC, has
been used for the measurements.

Transmission and Group Velocity Dispersion Measure-

ments:

The used sample 1s a 16x100 GHz AWG module with 121
arrayed-waveguides and AL=80,3 um. The power transmis-
s1ion and group delay (GD) measurement has been done with
the state of the art, Agilent 81910A “All Parameter Test
Solution” equipment. FIG. 1 shows the transmission spec-
trum. It shows 3 peaks and a FSR of the AWG of 20.35 nm.
FIG. 2 shows a detail of the GD measurement around the

central peak.
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To facilitate a measurement of the complex transmission
of the AWG, H(o), the transmission phase has been calcu-
lated by an integration process of the GD measurement.

Phase and Amplitude Characterisation:

FIG. 3 shows the amplitude and phase distributions (a,,
¢,) obtained by the application of the IFT method to the
complex transmission of the AWG.

The amplitude and phase distributions (a,, ¢.) are
obtained by applying the basic formula of the AWG (equa-
tion AWG1) to the measured complex transmission.

1

+7
Cy = ?J’v H(a)-exp(—i2rm-a-k-nqg-ALy)-da
r

(AWG 1)

Thereby, the calculating the coeflicients C, takes place by
an 1terative process based on product (n_, AL). n_. 1s the
ellective refractive index and

AL 1s called the step increment of the AWG which 1s the

increment of the physical length of the different paths
that the light follow going thought the AWG. n_ AL can
be called the “effective index step increment” and 1t 1s
directly related with the time-delay step increment of
the optical filter through: At=c/(n,_ - AL).

First the product of the effective refractive index n,,and
the step size AL, ;, 1.e. the eflective index step increment of
the AWG 1s set to the free spectral range (FSR) of the AWG.
Then the phase distribution of the AWG 1s calculated from
the 1maginary part of the coethicients C,. FIG. 15a4/b shows
the phase (FIG. 15a) and amplitude (FIG 155) distribution
for the AWG for the first approximate value of the product

n, - AL,. 1s the FSR of the AWG. The phase distribution
shows a plurality of 2m jumps 1n the phase distribution. In
the next step the number of the 2x jumps of the phase 1s
minimised by varying the product n_z AL,. This could be
done by several calculate methods, for example by simply
counting the number of neighbouring point with a difference
greater or equal to 2m. Some scientific calculating programs
have also already built-in functions for executing such a
minimisation.

In FIG. 16a/b the phase and amplitude distribution 1s
shown for approximate value ot n_ . AL, for which a
mimmisation of nearly all the 2w j Jumps has been made. In
the channel range between 100 and 200 of FIG. 164 a kind
ol sloping plateau of the phase distribution 1s recognisable.
After minimising the number of 2w jumps 1n the phase
distribution, the next step of the iterative process 1s to vary
the n_zAL,. product in order to minimise the slope of plateau
of the phase distribution, 1.¢. to achieve a horizontal plateau.
In mathematics 1t 1s well know how to determine the slope
of a curve or a plateau and more or less complex mathemat-
ics algorithm are known. For example one possible solution
1s to approximate the plateau by straight line and than to
determine the slope of the straight line.

In FIG. 17a/b the phase and amplitude distribution 1s

shown for a correct approximated value of the product n_
AL, .

Set-up Description:

In parallel, a FTS measurement of the same AWG module
has been done. FIG. 4 shows an outline of the set-up. The
measurement arrangement comprises a fiber-optic Mach-
Zehnder interferometer which includes an LED as broad-
band light source and a tuneable 1.3 um laser to sample the
interferogram at each A/2 intervals. The spectrum emission
of the LED source coupled imnto the AWG 15 close to a
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Gaussian profile, with a central wavelength A_=1542.3 nm
and a halt-width at 1/e maximum (00) of 1.52x10_, um. In
order to check the validity of the method, we have selected
an AWG with a AL=51.3 um to compare the results obtained
from both methods. The X parameter (X=moon AL, n=1.45)
1s 3.5 for this AWG design. The fringes are not completely
separated because X<4.4, but they can be i1dentified. It 1s
then possible to achieve good values within £5%, +1°
maximum errors 1 we limit the analysis to the central
wavelengths of the spectrum: -0.5=(0-0_)/00=0.5.

Comparison of Results from the IFT and the OLC Methods:

In order to apply the IFT method, the complex transmit-
tance function of the sample, H(o), has been obtained from
a Fourier transformation of the interferogram and the emis-
s1on spectrum of the LED. Applying Eq. (2) we can calculate
the complex coellicients C, and the amplitude and phase
distributions.

FIGS. 5 and 6 show a comparison of the amplitude and
phase distributions obtained from the FTS measurement and
the OLC method with the previous results of FIG. 3. The
amplitude distributions obtained from the OLC method
(crosses) and from the IFT one (circles) 1s shown in FIG. 5,
whereas the phase distributions obtained from the OLC

method (crosses) and from the IFT one (circles) 1s shown in
FIG. 6.

There 1s a general good agreement between the results
obtained from both methods. Despite of it, some diflerences
can be noticed and they are attributed to the polarisation
dependency of the (o, ¢,)distributions.

FIGS. 7a) and 7b) shows a further comparison of the
phase and amplitude values obtained from IFT and OLC
methods. These are results from an AWG with a designed
AL=51.3 um, wherein the phase distributions (FIG. 7a) and
amplitude distributions (FIG. 75) from the OLC method are
represent by crosses and from the IFT method by dots. There
1s a very good agreement between the results obtained from
both methods. The standard deviation between the ampli-
tude and phase distributions is 3.2 107> and 2.1° respec-
tively, for the 200 central path numbers.

FIG. 8 shows a detail of a interferogram obtained from an
AWG with a designed AL=22.4 pum, 1.e. with a narrow
path-length difference between neighbouring arrayed
waveguides. For this sample, 1t 1s not possible to separate the
fringes.

The IFT method has been applied to characterise this
AWG with a designed step increment AL=22.4 um and the
results are shown 1n FIG. 9. In particular, the phase and
amplitude distributions obtained from the IFT method are
shown 1n FIG. 9a and the transmission obtained from the

phase and amplitude distributions (line) and direct measure-
ment (dots) 1s shown 1 FIG. 956).

The amplitude of the first and the last 100 path numbers
are quite close to the mentioned noise level and this 1s the
reason for the high phase errors of those channels. In order
to check the precision of the results, and due to the lack of
results from the OLC method, we have calculated the
magnitude transmittance for that AWG. The calculated pro-
file 1s compared with a direct measurement of the transmut-
tance 1 FIG. 9b). A very good agreement between the
calculated and measured results 1s obtained even at signal
levels 50 dB below the maximum and a span of 45 nm. That
confirms that the higher errors of the first and the last 100
path numbers do not have a strong intfluence on the magni-
tude transmittance profile, FIG. 9b), because the amplitude
of transmission through those paths, FI1G. 9a), 1s very small.
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Estimation of the Measurement Errors:

The numerical subroutine to calculate the complex coet-
ficients C,, gives as result a set of copies of the C, to C,,
values, spaced by the mnverse of the non-dimensional sam-
pling rate (Ao n_z AL). The sampling rate of the transmit-
tance function depends on the scan length of the interfero-
gram and 1t was long enough to provide a sampling rate
under the Nyquist rate. The aliasing between adjacent copies
1s then avoided. The value of complex coeflicients between
two neighbouring copies should be zero. Instead of that, we
got a floor line with a mean value of 6.02 10™*. We have also
tested through numerical simulations that 1f we itroduce an
extra error 1n the measurement of the complex transmittance
tfunction the level of the tloor between adjacent copies lift up
proportionally. Because of that, we interpret the value of this
floor as an estimation of the mean value of the error 1n the
determination of the values of the amplitude distribution. As

a consequence, the mean value of the error in the determi-

nation of the values of the phase distribution, ~sin™*
[(6.02:10~*)/1k], depends also on the errors in the determi-
nation of the amplitude.

Conclusion of the AWG Example:

A very good agreement of the results obtained from the
IFT method according to the mvention 1n comparison with
OLC method has been achieved. The new method has been
applied to an AWG with a small AL of 22 um where the other
methods fail. The precision of this measurement 1s demon-
strated by a good agreement between the transmittance
obtained from direct measurement and from calculation
using the amplitude and phase distributions.

Although the IFT method 1s described 1n connection with
measurement results based on a FIS measurement, the
method can be applied to any experimental techmque that
provides a measurement of the complex transmittance of an
optical component, e.g. an AWG.

Further improvements comprises defined TE and TM
polarisation input states for the die level measurement and
Muller-matrix method for the module. The Inverse Fourier
Transtorm method according to the invention provides the
amplitude and phase distributions of an AWG from a mea-
surement of 1ts transmission and GD. Using defined AW G-
input polarisation states this measurement and the IFT
analysis provides a full characterisation of the AWG. This
method 1s also applicable to other optical filter components
like Ring Resonators.

Following the IFT method according to the invention 1s
exemplary described for a further embodiment, namely 1n
case of a Ring Resonator.

Ring Resonators:

Ring resonators (RRs) recently gained great attention due
to their potential for DWDM-applications, e.g. dispersion
compensation and ultra-compact Add&Drop multiplexers.
At present, however, the application of RRs 1s restricted to
niche applications due to the high FSR (Free Spectral
Range) and the performance required for DWDM-systems.
Meanwhile, first ring resonators with FSR-values in the
THz-range have been demonstrated and intensive research 1s
performed aiming at the realization of devices ready for
system applications. The motivation for this work 1s to
extend phase sensitive characterization methods success-
tully demonstrated on AWGs (Arrayed Waveguide Gratings)
to ring resonators. This 1s demanding since data rates exceed
the range of 10 Gb/s with a scope of 160 Gb/s.
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Theory:

FIG. 10 shows schematically the configuration and trans-
mission from a Double Coupler Ring Resonator (DCRR).
The complex transmittance of a Symmetric DCRR (SD-
CRR), throughout the Output (peak), can be described by the

CXPression:

T — v exni— _ (1)
H(ﬁ):m(l v )NVl =y -exp(—al/4 - jBL/2)

I —y*-(1 —vy)-exp(—al/2 - jBL)

where a. 1s the loss per length, L 1s the perimeter of the ring,
3 1s the propagation constant of the waveguide ring, v 1s the
excess loss of the coupler, and vy 1s related to the coupling
efficiency m, by y=vI-n. In order to study the information
available by a Fourier Spectroscopy analysis of the trans-
mission from a SDCRR, a simulation

The calculated magnitude and phase transmission spec-

trum of a SDCRR according to Equation (1) 1s shown in
FIGS. 11a (magnitude) and 1156 (phase). The design Param-

eters are: y=0.023 (0.1 dB), 0=0.23/cm (1 dB/cm), R=3 mm
(RR radius), n=0.015, n_,=1.46005 (eflective index of the
monomode ring waveguide, taken as constant without dis-
persion).

As evident from equation (1) and FIG. 2 the spectral
response of an RR 1s periodic. The periodic filters are digital
filters, because its transmission can be described completely
by a sequence of signals sampled at a unit delay T and the
multiples thereof. Vice versa, digital filters have a periodic
frequency spectrum. Thus, the concept of the Z-transforma-
tion can be applied. The transmission of a digital filter can
be then described, using the Z-transform, as a ratio of
polynomials or a, 1n general, a infinite series:

(2)

M N oa
H(z) = me-zm]/[l+zan-z”]= Z hyp-z2 "
=0

n=1 p=—ca

where a,,, b, and h , they are in general complex magnitudes
and h, 1s called the impulse response of a filter. Also, a
region ol convergence of the power series has to be speci-
fied, for example by r, . =lzl=r, ., werer,,, and r,, . are
radi1. The case IzI=1 1s called the unit circle, because the
filter’s frequency response 1s found by evaluating H(z) along
z=exp(jm), where o 1s the normalized angular frequency,
w=2mtv/FSR.

The Z-transtorm of the SDCRR can be obtained by the
substitution exp(—-jfL/2)=z"' in Eq (1). It can be demon-
strated by a Taylor expansion of Eq (1), that the Z-transform
function of the SDCRR can be described by the infinite

series:

Hz)=(1-y)-(1-v- (3)

D V- (L=y)exp(-na-L[2)-z >}

| n=1

exp(—al/4)-

The Egq (3) means that the transmission of a DCRR
through 1ts Output (peak) 1s equivalent to a Fourier Trans-
form of an infinite set of impulses, each one corresponds to
an odd number of unmit delays. Once we have a Z-transform
description of the filter as shown 1n Eq. (3), 1t 1s then possible
to obtain the value of the impulse responses ot the filter, h ,

by applying the Cauchy integral:
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By = (1 /znf)SgH(z)zP—l d: )

It should be noticed that the Cauchy integral of Eq (4) 1s
an integral along a closed circle of the complex plane. From
the other side, a measurement of the complex transmission
of a RR corresponds to values of the function H(z) along the
unit circle z=exp(jw). Due to that, the impulse responses h,
can be obtained from the application of the Cauchy integral
to the complex transmission of the RR along a FSR.

By substituting exp(-jfL/2)=z"' in Eq (4), the basic
formula for the ring resonator 1s achieved

+7 (RR 1)
hp:(T)fv H(@)-exp(j2rn-a-p-neg-L/2) - da

FIG. 12 shows the magnitude (FIG. 12a) and phase (FIG.
12b) of the impulse response of the Symmetric Double Ring
Resonator (SDCRR) for the complex transmission and
design parameters shown 1n FIG. 11. It has been obtained by
applying the Cauchy integral to the complex transmission
calculated from Eq (1) and shown in FIG. 11. Even though
strictly speaking, 1t 1s only necessary to take a single FSR,
on the other side, it 1s also necessary to use a very small
wavelength step and a very precise determination of the
FSR. An alternative solution to increase the precision of the
results with a large wavelength step 1s to integrate over
several FSRs. In such a case, also the error in the determi-
nation of the FSR has a smaller impact. The results shown
in FIG. 12 have been obtained from 14 FSRs. Due to the fact
that, the best numerical conditions to implement the Cauchy
integral on a measurement depends also on its conditions, a
detailed analysis should be done a posteriori. In case of a
SDCRR, the unit delay 1s half of the ring round trip (L/2),
and the impulses transmitted throughout the Output (peak)
corresponding to an even number of unit delays all are zero
and correspondingly, even values of the impulse phase have
arbitrary values. Only odd delays have a magnitude non null
value and defined phases.

It can be observed that it 1s possible to determine the
magnitude and phase of the impulses 1n a dynamic range of
~5 orders of magnitude. This can be use as an estimation of
the actual precision of the method. For the case used 1n the
simulation, 1t covers more than 40 impulses. The impulse
analysis of the transmission through the Output (peak)
provides a characterization of the half round turn loss x the
v1-couplingexcessloss of the SDCRR, which can be
obtained from the relative value of two consecutive magni-
tude impulses.

Experimental Results:

The magnitude and phase (peak) transmission through the
Output (peak) of a SDCRR have been obtained from a
measurement of the transmaission and time delay. FIG. 13a)
shows the measured magnmitude transmission. The phase of
the transmission has been calculated from the direct mea-
surement of the time delay by a numerical integration

process, FIG. 13b).

Applying the Cauchy integral to the experimental data of
FIG. 13, we obtain the impulse response shown 1n FIG. 14.
It can be observed a good qualitative agreement between the
modeling and experimental results. The first measurements
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on a symmetric double coupled ring resonator show a good
agreement with previous simulations results.

The results are achieved by a similar iterative algorithm as
described for the AWG, based on the basic formula (RR1)
for the ring resonator.

+7 (RR 1)
hp=(T)fv H(a)-exp(jlrn-a-p-nyg-L/2)-da

First the product of the eftective refractive index n,_,and
the step size AL, of the RR, 1.e. the eflective index step
increment of the RR 1s set to the free spectral range (FSR)
of the RR. Then the phase distribution of the AWG 1s
calculated from the imaginary part of the coefhicients C,.
FIG. 18a/b shows the phase (FIG. 18a) and amplitude (FIG.
185) distribution for the RR for the first approximate value
of the product n_, AL,. 1s the FSR of the RR. Next, the
number of the 2m jumps of the phase 15 minmimised by
varying the product n gz ,L;., 1.e. the value for the eftective
index step increment.

In FIG. 19a/b the phase and amplitude distribution 1s
shown for a better approximate value of n_,AL,., for which
all 2 jumps has been removed. The dotted line 1n FIG. 19q
connects the points corresponding to a non-zero impulse
response. After minimising the number of 2w jumps 1n the
phase distribution, the next step of the iterative process 1s to
vary the n_, AL,. product in order to minimise the slope of
the dotted line, 1.e. t achieve for the phase of the non-zero
impulse response approximate equal values, for example
about 0 for the most of the points. In FIG. 20a/b the phase
and amplitude distribution 1s shown for a correct approxi-
mated value of the product n_, AL,

The IFT method according to the invention has been also
applied to the transmission of the Single Coupler Ring
Resonator (SCRR). It 1s possible, 1n this case, to obtain the
value of the excess loss of the coupler, the coupling efli-
ciency, the round-trip loss and the optical length (L*n,) of

the RR.

CONCLUSION

The IFT method according to the mvention, which could
be also called as a Fourier Spectroscopy Analysis provide a
new way to characterize the basic parameters of optical
components like AWG, resonator, filter etc. It 1s possible
also to apply the IFT method to any design/optical compo-
nent which can be described using the Z-transtormation and
provides a measurement of the coellicients of those Z-trans-
formation.

The mnvention claimed 1s:
1. A method for determining physical characteristics of an
optical component, comprising:

measuring a complex transmission of the optical compo-
nent,

determiming a free spectral range of the optical compo-
nents,

determining the physical characteristics of the optical
component by

applying of a basic formula comprising an effective index
step increment of the optical component to said com-
plex transmission at least along one free spectral range,
and

varying said eflective index step increment in order to get
approximate results for the physical characteristics.
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2. The method according to claim 1, wherein said basic
formula for the optical component 1s derived by

deseribing the transmission of the optical component as a
complex periodic function, wherein the period of said
complex periodic function 1s the free spectral range of
the optical component, and

applying an inverse Fourier transform method to the
complex transmission at least along the free spectral
range ol the optical component or a Z-transiorm
method to the complex transmaission at least along the
free spectral range of the optical component.

3. The method according to claim 2, wherein the complex
periodic function comprises a Fourier series with complex
coellicients and the physical characteristics are determined
from the said complex coetlicients, which are obtained by
applying the inverse Fourier transformation to the complex
transmission of the optical component.

4. The method according to claim 2, wherein the Z-trans-
form method comprises:

applying a Z-transformation to the periodic complex
function, and

applying a Cauchy integral to the complex transmission of
the optical component at least along the free spectral
range.

5. The method according to claim 1, wherein the complex
transmission 1s detemiined by a measurement of the trans-
mittance and the time delay or by applying a Fourier
Transform Spectroscopy.

6. The method according to claim 5, wherein the phase of
the measured transmission 1s determined from the time delay
measurement.

7. The method according to claim 1, wherein the optical
component 1s an Arrayed Waveguide Grating and the physi-
cal characteristics are the amplitude and phase distribution
of the Arrayed Waveguide Grating.

8. The method according to claim 1, wherein the optical
component 1s a ring resonator and the physical characteris-
tics are the magnitude and the phase of the impulse response
of the ring resonator.

9. A system for determining physical characteristics of an
optical component, comprising:
a measurement member configured to measure a complex
transmission of the optical component; and

a processor configured to perform a process for evaluating,
the complex transmission by performing the method of
one of the claims 1 to 8.

10. The method according to claim 1, wherein the basic
formula comprises

+7T
C; = ?fv H(@)-exp(—i2rn-a-k-nyg-ALy) - da
or

11. The method according to claim 10, wherein the optical
component 1s an Arrayed Waveguide Grating and the physi-
cal characteristics are the amplitude and phase distribution
of the Arrayed Waveguide Grating.
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12. The method according to claim 1, wherein the basic
formula comprises

h,=(T)[ 0" H(a)-exp(j2m-apneffL/2)do.

13. The method according to claim 12, wherein the optical
component 1s a ring resonator and the physical characteris-
tics are the magnitude and the phase of the impulse response
of the ring resonator.

14. A computer-readable medium containing a program
which, when executed by a processor, performs a process for
determining physical characteristics of an optical compo-
nent, the process comprising;

measuring a complex transmission of the optical compo-

nent;

determining a free spectral range of the optical compo-

nent;

determining the physical characteristics of the optical

component by applying a basic formula, the basic
formula comprising an effective index step tnaement of
the optical component to the complex transmission at
least along one free spectral range; and

varying the effective index step increment in order to get

approximate results for the physical characteristics.

15. The computer readable medium according to claim
14, wherein said basic formula for the optical component 1s
derived by

describing the transmission of the optical component as a

complex periodic function, wherein the period of said
complex periodic function 1s the free spectral range of
the optical component, and

applying an inverse Fourier transform method to the

complex transmission at least along the free spectral
range of the optical component or a Z-transform
method to the complex transmission at least along the
free spectral range of the optical component.

16. The computer readable medium according to claim
15, wherein the complex periodic function comprises a
Fourier series with complex coellicients and the physical
characteristics are determined from the said complex coet-
ficients, which are obtained by applying the inverse Fonder
transformation to the complex transmission of the optical
component.

17. The computer readable medium according to claim
15, wherein the Z-transform method comprises:

applying a Z-transformation to the periodic complex

function, and

applying a Cauchy integral to the complex transmission of

the optical component at least along the free spectral
range.

18. The computer readable medium according to claim
14, wherein the complex transmission 1s determined by a
measurement of the transmittance and the time delay or by
applying a Fourier Transfonn Spectroscopy.

19. The computer readable medium according to claim
18, wherein the phase of the measured transmission 1s
determined from the time delay measurement,

20. The computer readable medium according to claim
14, wherein the optical component 1s an Arrayed Waveguide
Grating and the physical characteristics are the amplitude
and phase distribution of the Arrayed Waveguide Grating.
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